Introduction
============

Ultrasensitive detection of protein biomarkers is essential for early diagnosis and therapy of many diseases. Glycoproteins are a type of protein that plays vital roles in a wide variety of biological processes, such as cellular adhesion, cell signaling, and immune response.[@b1-ijn-9-2619]--[@b3-ijn-9-2619] Change in the level of glycoproteins has been associated with inflammation and cancers.[@b1-ijn-9-2619],[@b4-ijn-9-2619] Thus, highly sensitive methods for glycoprotein detection are in demand for clinical diagnostics and therapeutics.[@b5-ijn-9-2619] Analytical techniques including mass spectrometry, surface plasmon resonance, chromatography, and enzyme-linked immunosorbent assay have been devoted to achieving the sensitive detection of glycoproteins.[@b6-ijn-9-2619],[@b7-ijn-9-2619] These methods have adequate sensitivity but usually suffer from high cost, time-consuming procedure, and professional operation. Recently, electrochemical biosensors have raised considerable interest for protein detection in clinical applications due to their intrinsic advantages, such as high sensitivity, fast response time, simple instrumentation, and low cost.[@b8-ijn-9-2619]--[@b12-ijn-9-2619]

For ultrasensitive detection of analytes with electrochemical techniques, a popular approach is driving the enhancement of sensitivity with signal amplification. Over the past decades, nanotechnology brings new possibilities for the development of signal-amplified electrochemical biosensors. Nanomaterials such as carbon-based nanostructures and magnetic/metallic nanoparticles have been successfully applied as carriers/tracers to develop amplified electrochemical bioassays.[@b13-ijn-9-2619]--[@b16-ijn-9-2619] Among these nanomaterials, gold nanoparticles (AuNPs) are one kind of nanomaterial employed in diagnostics and bioassays in view of their good biological compatibility, high surface-to-volume ratio, and excellent conducting capability.[@b14-ijn-9-2619],[@b17-ijn-9-2619]--[@b19-ijn-9-2619] To realize the highly sensitive detection of proteins, AuNPs have been commonly coated with biorecognition units such as antibodies for the sandwich-type or competitive assays. These methods include the utilization of AuNPs as carriers for loading of probe/signal molecules or as indicators to induce the metal deposition for both optical and conductivity detection. However, the application of antibody-coated nanoparticles could be hindered, especially in resource-poor countries, by the relatively poor stability and high cost of antibodies.

Differing from other types of proteins, glycoproteins contain carbohydrate moieties in the oligosaccharide chains, which enable glycoproteins to be selectively recognized and separated from a biological matrix.[@b20-ijn-9-2619],[@b21-ijn-9-2619] Typically, lectin is one of the major available tools for glycoproteins recognition. However, lectin has a certain specificity for the overall topology and sugar compositions, thus limiting its application in high throughput analysis.[@b22-ijn-9-2619] Alternately, boronic acid can form boronate ester covalent bonds with diol-containing species.[@b23-ijn-9-2619],[@b24-ijn-9-2619] Based on the interaction, there has been particular attention in employing boronic acids as recognition units for the immobilization and separation of glycoproteins.[@b21-ijn-9-2619],[@b25-ijn-9-2619]--[@b27-ijn-9-2619] For example, Li et al[@b25-ijn-9-2619] developed a universal and facile approach for imprinting and detection of five distinct glycoproteins using boronic acid-based ultraviolet (UV)-initiated polymerization and a photolithographic fabrication route. Xu et al[@b27-ijn-9-2619] prepared the boronic acid-functionalized Au-coated Si wafer as the matrix-assisted laser desorption/ionization for enrichment of glycopeptides. Herein, we report a signal-amplified electrochemical biosensor for the detection of glycoproteins using 4-mercaptophenylboronic acid (MBA)/biotin-modified multifunctional AuNPs (denoted MBA-biotin-AuNPs) as labels. Specifically, the captured glycoproteins were first recognized by MBA-biotin-AuNPs through the boronic acid--carbohydrate interaction. Then, streptavidin (SA)-conjugated alkaline phosphatase (ALP) (SA-ALP) was attached by MBA-biotin-AuNPs via the biotin--SA interaction, promoting the production of electrochemically active p-aminophenol (p-AP) from p-aminophenyl phosphate (p-APP) substrate. To demonstrate the feasibility and sensitivity of this method, the glycoprotein recombinant human erythropoietin (rHuEPO) was tested as a model analyte.

Materials and methods
=====================

Chemicals and reagents
----------------------

MBA, tris(carboxyethyl)phosphine (TCEP), 6-mercapto-1-hexanol (MCH), SA-ALP, horseradish peroxidase, bovine serum albumin (BSA), thrombin, SA, trisodium citrate, tris-(hydroxymethyl)aminomethane hydrochloride (TrisHCl), serum, KH~2~PO~4~, and K~2~HPO~4~ were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). p-Aminophenyl phosphate (p-APP) was from Enzo Life Sciences, Inc. (Farmingdale, NY, USA). rHuEPO was acquired from BioVision, Inc. (Milpitas, CA, USA). Metallothionein was purchased from Hunan Lugu Biotech Co., Ltd (Changsha, People's Republic of China). Prostate-specific antigen (PSA) was purchased from Linc-Bio Science Co. Ltd. (Shanghai, People's Republic of China). The peptide with a sequence of CALNNGK(biotin)G was synthesized and purified by China Peptides Co., Ltd. (Shanghai, People's Republic of China). The thiolated single-stranded deoxyribonucleic acid (DNA) probe (5′-SH-(CH~2~)~6~-GATTGAAAGGTCTGTTTTTGGGGTTGGTTTGGGTCAATA) was purchased from Sangon Biotech. Co., Ltd (Shanghai, People's Republic of China). The DNA was dissolved in pH 7.4 TE (Tris-EDTA) buffer solution consisting of 10 mmol L^−1^ TrisHCl and 1 mmol L^−1^ ethylenediaminetetraacetic acid (EDTA), and kept at −18°C. The electrolyte buffer (EB) for the enzymic catalytic reaction and the electrochemical experiment was 10 mmol L^−1^ Tris (pH 7.4) containing 1 mmol L^−1^ MgCl~2~ and 50 mmol L^−1^ Na~2~SO~4~.

Synthesis of MBA-biotin-AuNPs
-----------------------------

AuNPs with a diameter of \~13 nm were synthesized by the trisodium citrate reduction method, as reported previously.[@b17-ijn-9-2619] Briefly, 5 mL of 38.8 mmol L^−1^ trisodium citrate was added into 50 mL of 1 mmol L^−1^ HAuCl~4~ boiling solution, and the resulting solution was then kept continuously boiling for 30 minutes and then cooled to room temperature. The resultant red solution was stored at 4°C. Modification of AuNPs was performed through the ligand-exchange reaction. A 5 mL volume of the as-prepared AuNPs was first mixed with 5 mL phosphate-buffered saline (PBS) (1 mmol L^−1^, pH 7.4) containing 50 μmol L^−1^ TCEP and 2 μmol L^−1^ CALNNGK(biotin)G for 2 hours, followed by addition of MBA (0.5 μmol L^−1^). After stirring for 2 hours again, the resultant suspension was thoroughly rinsed with PBS to remove the free MBA and CALNNGK(biotin)G. We found that the average loading number of CALNNGK(biotin)G per Au nanoparticle was around 580 by measuring the free peptide in solution with mass spectroscopy. The synthesized MBA-biotin-AuNPs were characterized by a Cary^®^ 50 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The morphology was observed by a Tecnai G2 T20 (FEI Company, Hillsboro, OR, USA) transmission electron microscope.

Procedure for rHuEPO detection
------------------------------

For the detection of rHuEPO, a cleaned gold electrode of 2 mm diameter was immersed in an anti-rHuEPO aptamer (1.0 μmol L^−1^) solution containing 50 μmol L^−1^ TCEP for 12 hours. The amount of probe immobilized on the gold electrode was chosen according to the well-established protocol.[@b28-ijn-9-2619] To block the unreacted gold surface, the electrode was soaked successively in a 0.1 mmol L^−1^ MCH solution for 5 minutes and in a 1% BSA solution for 30 minutes. Then, 10 μL of rHuEPO solution was cast onto the sensor surface for 30 minutes. This step was followed by washing the electrode thoroughly with water to remove non-specifically adsorbed substances. For the attachment of SA-ALP, the electrode was first exposed to the MBA-biotin-AuNP suspension for 30 minutes and then immersed in a 10 μL of 1 μmol L^−1^ SA-ALP solution for 10 minutes. After the electrode was rinsed with water again, the electrode was soaked in a solution containing 0.5 mmol L^−1^ p-APP for 30 minutes in a homemade plastic cell. Because p-AP is light-sensitive and not stable in air, in this sensing system the enzymatic reaction was conducted in an N~2~-saturated EB solution in the dark. Finally, voltammetric determination was carried out on a DY2013 electrochemical workstation (Digi-Ivy Inc., Austin, TX, USA). The auxiliary electrode and the reference electrode were a platinum wire and Ag/AgCl, respectively. Electrochemical impedance spectroscopy was collected on a CHI 660E (CH Instruments, Shanghai, People's Republic of China) electrochemical workstation at the potential of 0.25 V in the frequency range of 0.01--500 kHz. The redox mediator was 1 mmol L^−1^ \[Fe(CN)~6~\]^3−/4−^ (1:1) solution containing 0.1 mol L^−1^ KCl.

Results and discussion
======================

Mechanism of the detection
--------------------------

Aptamers, small strands of DNA or RNA (ribonucleic acid), can specifically bind to targets with high affinity.[@b29-ijn-9-2619] In comparison with antibodies, aptamers possess distinctive several advantages such as small sizes, high stability, ease of synthesis, and a lack of immunogenicity. This allows aptamers to be the most valuable molecular acceptors for the capture and recognition of biomolecules. Furthermore, antibodies will be unsuitable for the present system since they contain carbohydrate moieties in the oligosaccharide chains. Thus, aptamers were used as the acceptors for the capture of glycoproteins in this work. rHuEPO is a glycoprotein hormone that has been used extensively for the treatment of several anemias associated with acute and chronic diseases, by stimulating red blood cell production. To demonstrate the feasibility of our method for glycoprotein detection, rHuEPO was tested. The principle of the method is presented in [Figure 1](#f1-ijn-9-2619){ref-type="fig"}. First, rHuEPO was captured by the anti-rHuEPO aptamer-covered gold electrode. Among the published anti-rHuEPO aptamers, the 39-base oligonucleotide (GATT GAAAGGTCTGTTTTTGGGGTTGGTTTGGGTCAATA) binds to rHuEPO with the highest affinity.[@b30-ijn-9-2619]--[@b33-ijn-9-2619] The captured rHuEOP molecules were then derivatized with MBA-biotin-AuNPs through the boronic acid--carbohydrate interaction, which facilitated the attachment of SA-ALP. Finally, the p-AP produced from p-APP substrate was detected electrochemically.[@b34-ijn-9-2619] This method would be very sensitive, since one rHuEPO molecule can capture more than one MBA-biotin-AuNP, and each MBA-biotin-AuNP can load more than one SA-ALP molecule.

Characterization of MBA-biotin-AuNPs
------------------------------------

Modification of AuNPs with multiple functionalities can provide more flexibility for multiplexing in bioanalytical application. For example, Kong et al[@b35-ijn-9-2619] reported the colorimetric dopamine detection using MBA-DSP-AuNPs (AuNPs modified with MBA and dithiobis\[succinimidylpropionate\]). Such bifunctional AuNPs can doubly recognize dopamine by reacting with the diol and amine groups. AuNPs modified with CALNN peptide are water-soluble and extremely stable.[@b36-ijn-9-2619] Wang et al[@b37-ijn-9-2619] demonstrated that multifunctional AuNPs capped with CALNNGK(biotin)G peptide and DNA targets are readily obtained in one step through the ligand-exchange reaction. Such functionality facilitates SA to be absorbed on the surface of AuNPs through the strong biotin--SA interaction. In the present work, the bifunctional AuNPs capped with MBA and CALNNGK(biotin)G groups were prepared by the formation of the Au--S covalent bond. The synthesized MBA-biotin-AuNPs were characterized by UV-visible spectroscopy. As shown in [Figure 2](#f2-ijn-9-2619){ref-type="fig"}, the MBA-biotin-AuNPs displayed a characteristic UV-visible absorption spectrum with a plasmon band at 520 nm (curve b). Such absorption was ascribed to the surface plasmon resonance of the AuNPs (curve a). This demonstrated that the synthesized MBA-biotin-AuNPs were stable and monodisperse. The result was also confirmed by transmission electron microscopy, as shown in the inset of [Figure 2](#f2-ijn-9-2619){ref-type="fig"}.

Feasibility for rHuEPO detection
--------------------------------

Electrochemical impedance spectroscopy has been used to examine the property of self-assembled monolayers, including surface coverage and monolayer composition, and the conduction ability of the modified electrode. Herein, the immobilization of the aptamers and the attachment of rHuEPO and modified gold nanoparticles were characterized by electrochemical impedance spectroscopy. A modified Randles equivalent circuit was used to fit the impedance spectra and to determine electrical parameters for each step. As shown in the inset of [Figure 3A](#f3-ijn-9-2619){ref-type="fig"}, the circuit included R~s~ (the electrolyte resistance between working and reference electrodes), Z~w~ (the Warburg impedance), Q (a constant phase element representing the double layer capacitance for an unmodified electrode or the capacitance of the self-assembled monolayers for the modified electrodes) and R~et~ (the electron-transfer resistance). As shown in [Figure 3A](#f3-ijn-9-2619){ref-type="fig"}, the bare gold electrode showed a small electron transfer resistance (curve a), demonstrating a fast electron transfer process. The increase in the Ret implied the immobilization of anti-rHuEPO aptamers (curve b), and the result can be explained by the fact that the negatively charged aptamers repulsed the negatively charged \[Fe(CN)~6~\]^3−/4−^ from the sensor surface. The modification of Au/aptamers with MCH and BSA resulted in an increase in the Ret (curve c). The result is understandable, since the block of unreacted gold surface by the MCH and BSA could retard the interfacial electron transfer kinetics of \[Fe(CN)~6~\]^3−/4−^ anions. Interestingly, we found that incubation of the aptamer-modified electrode with rHuEPO solution led to a small increase in the Ret (curve d), indicating that rHuEPO was captured by the sensing electrode. In turn, we found that the charge-transfer impedance decreased with the attachment of MBA-biotin-AuNPs (curve e), which was attributed to the high conducting capability of AuNPs.

[Figure 3B](#f3-ijn-9-2619){ref-type="fig"} shows the cyclic voltammograms of the aptamer-covered electrode with and without incubation with rHuEPO, followed by the attachment of MBA-biotin-AuNPs and the follow-up capture of SA-ALP for the production of p-AP. The voltammetric response in the black curve was caused by the oxidization of the generated p-AP. In the case of absence of the rHuEPO capture step, no redox peaks were observed (red curve). The result indicated that the attachment of MBA-biotin-AuNPs is dependent on the capture of rHuEPO. This is understandable since phenylboronic acid functionalized materials show no affinity to DAN and BSA.[@b26-ijn-9-2619],[@b38-ijn-9-2619] For the control, biotin-AuNPs were used in place of MBA-biotin-AuNPs. The absence of redox peaks in the blue curve confirmed that the attachment of AuNPs is strongly dependent upon the boronic acid-carbohydrate. Therefore, the method is feasible for the detection of rHuEPO. Moreover, we also investigated the influence of enzyme reaction time on the current, and found that the oxidation current increased with the reaction time and began to level off after 20 minutes. Thus, the sensor electrode was incubated in the p-APP solution for 20 minutes before electrochemical measurement.

Sensitivity and selectivity to rHuEPO
-------------------------------------

Differential pulse voltammetry is more sensitive than cyclic voltammetry, since it can decrease the background charging currents. Furthermore, we assessed the linear range, detection limit, and selectivity of this method with differential pulse voltammetry. The differential pulse voltammograms obtained at different rHuEPO concentrations are shown in [Figure 4A](#f4-ijn-9-2619){ref-type="fig"}. As a result, we found that the current increased linearly with the rHuEPO concentration in the range of 0.02--2.0 pmol L^−1^ and began to level off beyond 2 pmol L^−1^ ([Figure 4B](#f4-ijn-9-2619){ref-type="fig"}). All the relative standard deviations were found to be below 9.5%. The linear regression equation was expressed as *I*~pa~ (μA) =0.038+0.14 \[rHuEPO\] (pmol L^−1^) (*R*^2^=0.99). The limit of detection was estimated to be 8 fmol L^−1^, which is at least one order of magnitude lower than those achievable by mass spectrometry and spectroscopy ([Table 1](#t1-ijn-9-2619){ref-type="table"}). The lower detection limit can be attributed to the multiplex amplification of AuNPs and the high turnover frequency of ALP.[@b19-ijn-9-2619] Moreover, this value is comparable to (or even lower than) those achievable using other electrochemical strategies for detection of glycoproteins including PSA (1.6 pg mL^−1^),[@b17-ijn-9-2619] sialylated glycoproteins fetuin (0.33 fM) and asialofetuin (0.54 fM),[@b39-ijn-9-2619] lactoferrin (145 pg mL^−1^),[@b40-ijn-9-2619] α-fetoprotein (4 pg mL^−1^),[@b41-ijn-9-2619] and ovalbumin (0.83 pg mL^−1^).[@b42-ijn-9-2619]

To demonstrate the selectivity of this sensor, we tested other proteins (glycoproteins and nonglycoproteins), such as horseradish peroxidase, PSA, metallothionein, SA, and thrombin, at a concentration ten times higher than that of rHuEPO. As shown in [Figure 5](#f5-ijn-9-2619){ref-type="fig"}, the negligible currents in these cases are indicative of the high selectivity of the method to rHuEPO. Furthermore, to investigate the interference, the sensor electrode was incubated with the rHuEPO solution containing above tested five interfering proteins. As a result, no apparent difference in the current was observed in the cases of absence and presence of these interferences, further verifying that the aptamer was highly specific to rHuEPO. Moreover, in the spectrum analysis, the protein detection is usually disturbed by the strong light scattering effect of serum. To demonstrate the viability of the sensor in biomedical samples, we examined its performance in the solution of blood serum. As a result, the current in 10% serum was the same as in the buffer, demonstrating that a serum environment shows no interference in the detection assay. Since phenylboronic acid can react with various carbohydrates, phenylboronic acid-based materials have been widely used in the selective separation of glycoproteins such as lactoferrin, horseradish peroxidase, ribonuclease B, α-acid glycoprotein, α-fetoprotein, and ovalbumin.[@b21-ijn-9-2619] We believe that the strategy developed here would also be suitable for the sensitive and selective detection of these glycoproteins on electrodes covered with the matched capture probes. Moreover, compared with mass spectrometry and spectroscopy, our method is simple, selective, and cost-effective. For example, in the mass spectrometric assay, sample cleanup and preconcentration (eg, analyte extraction and enrichment by immunoaffinity separation, with antibodies and dual digestion by trypsin as well as peptide-N/O-glycosidase) is required considering the complex sample matrix and low concentrations of glycoproteins in biological fluids.[@b46-ijn-9-2619]

Conclusion
==========

In conclusion, we have reported a sensitive and selective electrochemical strategy for glycoprotein detection. MBA-biotin-AuNPs were used for the recognition of glycoproteins and the follow-up attachment of SA-ALP. To demonstrate the feasibility and sensitivity, rHuEPO was tested as the model. The detection limit of 8 fmol L^−1^ is at least one order of magnitude lower than those achievable by other techniques. Compared with other sandwich-type electrochemical biosensors, the presented approach obviated the use of expensive antibodies for the capture and recognition of targets. We believe that the strategy would find many detection applications for various glycoproteins by rationally designing the surface chemistry of electrodes.
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![Schematic illustration of the method for rHuEOP detection by MBA-biotin-AuNPs as labels.\
**Abbreviations:** BSA, bovine serum albumin; MBA-biotin-AuNP, 4-mercaptophenylboronic acid/biotin-modified gold nanoparticle; MCH, 6-mercapto-1-hexanol; p-AP, p-aminophenol; p-APP, p-aminophenyl phosphate; rHUEPO, recombinant human erythropoietin; SA-ALP, streptavidin-conjugated alkaline phosphatase.](ijn-9-2619Fig1){#f1-ijn-9-2619}

![Ultraviolet-visible absorption spectra of the citrate-stabilized AuNPs (curve a) and the synthesized MBA-biotin-AuNPs (curve b). The inset shows the transmission electron microscopy image of the MBA-biotin-AuNPs.\
**Abbreviations:** Abs, absorbance; AuNP, gold nanoparticle; MBA-biotin-AuNP, 4-mercaptophenylboronic acid/biotin-modified gold nanoparticle.](ijn-9-2619Fig2){#f2-ijn-9-2619}

![(**A**) Electrochemical impedance spectroscopy of Au (curve a), Au/aptamers (curve b), Au/aptamers/MCH/BSA (curve c), Au/aptamers/MCH/BSA/rHuEPO (curve d), and Au/aptamers/MCH/BSA/rHuEPO/MBA-biotin-AuNPs (curve e) electrodes in \[Fe(CN)~6~ \]^3−/4−^. (**B**) Cyclic voltammograms of the aptamer-covered electrode with (black curve) and without (red curve) the capture of rHuEPO, followed by the attachment of MBA-biotin-AuNPs as well as SA-ALP for the generation of p-AP. Blue curve corresponds to that after the capture of rHuEPO and the treatment with biotin-AuNPs in place of MBA-biotin-AuNPs. The concentration of rHuEPO was 10 pmol L^−1^. The arrow indicates the scan direction.\
**Abbreviations:** biotin-AuNP, biotin-modified gold nanoparticle; BSA, bovine serum albumin; MBA-biotin-AuNP, 4-mercaptophenylboronic acid/biotin-modified gold nanoparticle; MCH, 6-mercapto-1-hexanol; p-AP, p-aminophenol; Q, a constant phase element; Ret, electron-transfer resistance; rHuEPO, recombinant human erythropoietin; Rs, resistance between working and reference electrodes; SA-ALP, streptavidin-conjugated alkaline phosphatase; Zw, Warburg impedance.](ijn-9-2619Fig3){#f3-ijn-9-2619}

![(**A**) Differential pulse voltammograms for the detection of different concentrations of rHuEPO. (**B**) Plots of the *I*~pa~ against the rHuEPO concentration (0.02--10 pmol L^−1^). The inset shows the linear plots at concentrations of 0.02, 0.2, 0.5, 1.0, and 2.0 pmol L^−1^.\
**Note:** Each point was averaged from three replicates, and the error bars show the absolute standard.\
**Abbreviation:** rHuEPO, recombinant human erythropoietin.](ijn-9-2619Fig4){#f4-ijn-9-2619}

![Selectivity and interference of the sensing protocol. 1, horseradish peroxidase; 2, prostate-specific antigen; 3, metallothionein; 4, streptavidin; 5, thrombin; 6, rHuEPO in buffer; 7, rHuEPO in buffer containing the five interfering proteins; 8, rHuEPO in serum. The concentration of rHuEPO was 1 pmol L^−1^\
**Abbreviation:** rHuEPO, recombinant human erythropoietin.](ijn-9-2619Fig5){#f5-ijn-9-2619}

###### 

Comparing the performances of different analytical methods for rHuEPO detection

  Analytical method               LOD               Linear range            Study
  ------------------------------- ----------------- ----------------------- -------------------------------------------
  Fluorescent aptasensor          0.4 nmol L^−1^    1--10 nmol L^−1^        Zhang et al[@b31-ijn-9-2619]
  Aptameric real-time PCR assay   1 pmol L^−1^      0.006--100 nmol L^−1^   Tang et al[@b32-ijn-9-2619]
  CE--MS                          0.35 nmol L^−1^   0.35--630 nmol L^−1^    Haselberg et al[@b43-ijn-9-2619]
  Chemiluminescent immunometry    0.01 nmol L^−1^   0.124--24.8 IU L^−1^    Mossuz et al[@b44-ijn-9-2619]
  LC--FAIMS--MS                   0.1 ng mL^−1^     0.25--2 μmol L^−1^      Bailly-Chouriberry et al[@b45-ijn-9-2619]
  LC--MS                          0.1 ng mL^−1^     0.2--2.5 ng mL^−1^      Guan et al[@b46-ijn-9-2619]
  Electrochemical aptasensor      8 fmol L^−1^      0.02--2 pmol L^−1^      This work

**Abbreviations:** CE, capillary electrophoresis; FAIMS, field asymmetric waveform ion mobility spectrometry; LC, liquid chromatography; LOD, limit of detection; MS, mass spectrometry; PCR, polymerase chain reaction; rHuEPO, recombinant human erythropoietin.
